of changes in length of some two feet. These springs and the cable are mounted in permanent tension, and a large truck-type automotive shock absorber is installed across the springs. Again the damping of these absorbers is chosen so that their energy dissipation is somewhat greater than the expected energy input from the vortices, assuming a coefficient CK = 1.
General.-The term "high-strength plastics" refers to composite materials in which plastics act as binders, and high-strength fibers provide most of the strength properties. As a consequence, the composite has mechanical properties unavailable in either constituent.
Strength, toughness, rigidity, resilience, and flexibility are controlled by the selection and proportioning of fibers and resins; consequently, these materials range from soft and flexible but tough and strong, to hard, rigid, and relatively inextensible. The judicious combination of resins and fibers can provide high strength-toweight ratios; the strong fibers can be oriented in the directions of maximum stresses; structural forms can be tailored to fit the requirements of a given application; and special requirements such as transparence to electromagnetic radiation, resistance to various corrosive conditions, high energy absorption, and abrasion resistance can be met.
A few of the diverse applications are:
1. Molded seamless boat hulls of glass fiber mat combined with polyester resins. 2. Lightweight bodies for automobiles. Good strength and resilience are combined with relatively low tooling costs for limited production such as sports cars. 3. Radar housings, especially in the form of structural sandwiches for strength, rigidity, and minimum interference with radar propagation.
4. Body armor. In Korea, this spectacularly successful application has prevented a large number of casualties, the great majority of which are caused by flying fragments from shell bursts. Heavy nylon fabric bonded with just sufficient phenolic resins to hold the plies together affords good resistance to penetration by such missiles. Laminated glass fabric is also highly effective for this application. Here high strength and high energy absorption are both important.
Other applications include lightweight strong pipe, nonmetallic disk springs, fishing rods, corrugated sheet for buildings, truck tanks, and many other similar applications involving lightness, strength, resilience, and toughness. A variety of reinforcements may be employed but the most common are glass fiber and nylon. Glass fiber has extremely high strength but is relatively inextensible whereas nylon has good strength combined with high extensibility.' The reinforcing material may be employed in a variety of forms: parallel fibers in the form of roving; random mats of short-length fibers; and woven fabrics including square weave, four-and eight-shaft satin weave, and unidirectional fabrics are most common.
The tensile strengths of the resins are much lower than those of the reinforcing agent, nevertheless the resins perform the essential function of binding the fibrous materials together, providing them with the necessary lateral stability under compressive loads and developing the shearing rigidity of the combination necessary for engineering applications.
Strength properties of a given combination of resin and fiber depend upon the relative proportions of each; the structure of the reinforcement, whether mat, woven fabric, or straight filament; and the manner in which they are combined. Tensile strengths, for example, may vary from approximately 10,000 psi for ordinary glass mat reinforced materials to as high as 200,000 to 300,000 psi for rods incorporating a high proportion of carefully aligned fine glass filaments.
In making engineering computations, it is generally assumed that the stress is divided between resin and reinforcement in proportion to the ratio of their moduli of elasticity. This assumption, in turn, depends not only upon the stress level but upon the relaxation and creep behavior of both resin and reinforcement under continuous deformation or continuous load. Little is known about these characteristics and the design assumptions are consequently uncertain to that extent.
Because of the directional characteristics of the reinforcing material, these highstrength plastics are generally not isotropic, and the simple theory of isotropic elastic behavior consequently does not apply. Fortunately, the cumbersome general theory of non-isotropic materials can usually be simplified to the theory of two-dimensional orthotropic materials, that is, materials with two principal axes oriented at right angles. This theory involves five constants: two moduli of elasticity parallel to the two principal directions, the sharing modulus, and two values of Poisson's ratio associated with the two principal directions. Given these constants, the values of modulus of elasticity, shearing modulus, and Poisson's ratio can be computed for intermediate directions.
The relationships for design of orthotropic material2' 3 are compared with isotropic materials in figure 1, in which tensile and shearing stresses are shown applied to a particle. This particle is shown with two principal axes L and T, with direct stress cr, applied in the 1-direction at an angle a with the L-axis. Shear stress T12 is associated with the 1-2 plane. In an isotropic particle there are no principal axes because properties are the same in all directions. For isotropic materials the three simple relationships are shown on the left. The modulus of elasticity E, the shearing modulus G, and Poisson's ratio , do not vary with angle of stress. The expressions for strain in terms of stress, elastic moduli, and Poisson's ratio are simple. For orthotropic materials, however, as the direction of stress varies from parallel to one Values of elastic constants as functions of orientation. In isotropic materials, left, modulus of elasticity, shearing modulus, and Poisson's ratio are independent of orientation. In orthotropic materials, right, these values change with orientation, and strains associated with a given stress are strongly dependent upon its orientation. The foregoing relationships apply to single orthotropic layers. When these are laminated at various orientations to each other, stresses applied to the entire assemblage cause interactions between the layers which may develop high direct stresses in some layers and low stresses in others, and may develop shear stresses in and between layers even when no external shear stresses occur. The theoretical relationships between the interactions of several orthotropic layers a and b bonded together at an arbitrary angle a + (, are shown in figure 2 . Layers a, of total thickness t0, are oriented at angle a with the 1-direction, and layers b, of total thickness tb, are oriented at the reverse angle (3 with the 1-direction. For each lamina a separate solution of stresses in the 1-2 directions is possible.
Equations (1) through (4) give the relationships from which stresses rla, afa2 and T12a in the a layer, caused by stress o-1, can be computed. Equations (1) set up the relationships between stress and strain in the a layer, equations (2) state that the summation of internal stresses in the layers a and b must be equal to the external stresses, and equations (3) state that the strains in all layers are equal, and equal to strains in the entire particle. From these equations are derived the simultaneous equations (4) which lead to solutions for Ula, 02a, and Tl2a.
From the foregoing it may be seen that the engineering design of materials of this type is feasible but is more complex than the design of isotropic materials. In practice many problems still remain to be solved. There have been some spectacular successes with these materials. There have also been some mystifying failures. These can probably be ascribed to a number of different factors of which present knowledge is far from complete. They are:
1. The meagerness of knowledge of the elastic constants. Generally, tensile strength properties including modulus of elasticity are known in some principal direction. Little is known about shearing modulus and practically nothing about Poisson's ratio. A great deal of experimental work is needed to develop these constants. To this must be added the effects of creep and relaxation.
2. Many engineers are unfamiliar with the theory of orthotropic materials and, consequently, attempt to design on the basis of the theory of elasticity for isotropic materials. This may easily lead to neglect of important stresses.
3. The tacit assumption is made that there is perfect bond between the binder and the reinforcement. It is well known that this is not necessarily true. One of the major problems facing this field is the problem of adhesion between resin and fiber. Extensive and active research is under way to develop treatments for the fibers, particularly glass, to insure good adhesion to the resin. Active research is also under way to find resins which inherently bond well to the fiber,.
Bond is particularly important in pressure applications such as pipe in which some failures have occurred, probably because the fluid under pressure penetrated into the pipe wall along the fibers.
4. Fabricating techniques need to be improved. Slow and cumbersome hand lay-ups are often variable in quality. Because many of these materials, particularly those reinforced with glass fiber, are only slightly extensible, it is impossible to employ draw-forming operations such as those employed with metals. Considerable effort is being expended to see whether pre-impregnated sheets can be placed between forming dies and readily shaped. New and imaginative approaches to rapid and simple fabrication are needed.
5. High cost of the base materials, in turn, leads to high cost of finished items. Neither the fibers nor the resins can be considered cheap, particularly in relationship to carbon steel. Consequently, every pound of the material must be designed to work to its utmost to justify the cost.
In spite of these limitations, the high-strength plastics have certain inherent advantages which can be utilized in engineering design. They are light in weight for their strength, they can be fabricated into a wide variety of forms, and they allow the engineer to orient his high-strength elements to coincide with the stresses and thereby permit him to tailor his structures in terms of the engineering requirements. They are a challenge to the imagination and ingenuity of research men and of engineers. 
